The afferent and efferent arterioles regulate the inflow and outflow resistance of the glomerulus, acting in concert to control the glomerular capillary pressure and glomerular filtration rate. The myocytes of these two vessels are remarkably different, especially regarding electromechanical coupling. This study investigated the expression and function of inward rectifier K ϩ channels in these two vessels using perfused hydronephrotic rat kidneys and arterioles and myocytes isolated from normal rat kidneys. In afferent arterioles pre-constricted with angiotensin II, elevating [K ϩ ] 0 from 5 to 15 mmol/L induced hyperpolarization (Ϫ27 Ϯ 2 to Ϫ41 Ϯ 3 mV) and vasodilation (6.6 Ϯ 0.9 to 13.1 Ϯ 0.6 m). This manipulation also attenuated angiotensin II-induced Ca 2ϩ signaling, an effect blocked by 100 mol/L Ba 2ϩ . By contrast, elevating [K ϩ ] 0 did not alter angiotensin II-induced Ca 2ϩ signaling or vasoconstriction in efferent arterioles, even though a significant hyperpolarization was observed (from Ϫ30 Ϯ 1 to Ϫ37 Ϯ 3 mV, P ϭ 0.003). Both vessels expressed mRNA for Kir2.1 and exhibited anti-Kir2.1 antibody labeling. Patch-clamp measurements revealed prominent inwardly rectifying and Ba 2ϩ -sensitive currents in afferent and efferent arteriolar myocytes. Our findings indicate that both arterioles express an inward rectifier K ϩ current, but that modulation of this current alters responsiveness of only the afferent arteriole. The expression of Kir in the efferent arteriole, a resistance vessel whose tone is not affected by membrane potential, is intriguing and may suggest a novel function of this channel in the renal microcirculation.
hyperpolarization (Ϫ27 Ϯ 2 to Ϫ41 Ϯ 3 mV) and vasodilation (6.6 Ϯ 0.9 to 13.1 Ϯ 0.6 m). This manipulation also attenuated angiotensin II-induced Ca 2ϩ signaling, an effect blocked by 100 mol/L Ba 2ϩ . By contrast, elevating [K ϩ ] 0 did not alter angiotensin II-induced Ca 2ϩ signaling or vasoconstriction in efferent arterioles, even though a significant hyperpolarization was observed (from Ϫ30 Ϯ 1 to Ϫ37 Ϯ 3 mV, P ϭ 0.003). Both vessels expressed mRNA for Kir2.1 and exhibited anti-Kir2.1 antibody labeling. Patch-clamp measurements revealed prominent inwardly rectifying and Ba 2ϩ -sensitive currents in afferent and efferent arteriolar myocytes. Our findings indicate that both arterioles express an inward rectifier K ϩ current, but that modulation of this current alters responsiveness of only the afferent arteriole. The expression of Kir in the efferent arteriole, a resistance vessel whose tone is not affected by membrane potential, is intriguing and may suggest a novel function of this channel in the renal microcirculation. Vascular smooth muscle exhibits considerable regional heterogeneity in vasomotor mechanisms and ion channel expression patterns. Understanding circulatory regulation at the vascular level requires knowledge of this smooth muscle diversity and its impact on regional control of vascular resistance. The renal microcirculation represents an extreme example of such heterogeneity. The myocytes of the preglomerular afferent arteriole and postglomerular efferent arteriole differ remarkably in Ca 2ϩ entry mechanisms, myosin expression, and the mechanisms modulating vascular reactivity. [1] [2] [3] [4] [5] [6] Further regional heterogeneity has been noted for ion channel expression in the juxtamedullary versus cortical efferent arterioles 7 and in the activating mechanisms of the contractile pericytes of the descending vasa recta. 8 For example, angiotensin II (AngII) responses of the afferent arteriole and descending vasa recta involve membrane depolarization and voltage-gated Ca 2ϩ entry and are attenuated by L-type Ca 2ϩ channel antagonists. In contrast, AngII responses of efferent arterioles are not related to membrane potential and involve a voltage-independent Ca 2ϩ entry mechanism unaffected by L-type Ca 2ϩ channel antagonists. 1,2,4,9 Potassium channels are prominent regulators of smooth muscle function. The inward rectifier K ϩ channel (Kir) exhibits marked regional differences in its expression and involvement in vascular regulation. 10, 11 In general, Kir expression and the influence of Kir on membrane potential are reported to be greater in smaller resistance vessels than in larger conduit arteries. 12, 13 Such a trend may also occur in the kidney. Our laboratory found indirect evidence that Kir plays a prominent role in the afferent arteriole, 14 whereas Prior et al. 15 found no evidence that Kir influences tone or membrane potential in the upstream arcuate artery, a conduit vessel that does not contribute to renal vascular resistance. Recently, Cao et al. 16 demonstrated that the pericytes of the postglomerular descending vasa recta express a Kir current and exhibit K ϩ -induced hyperpolarization. The expression of Kir and its role in the efferent arteriole are unknown.
In this study, we investigated these issues using the in vitro perfused hydronephrotic rat kidney model for in situ contractile and membrane potential measurements, as well as afferent and efferent arterioles isolated from normal rat kidneys for studies of Ca 2ϩ signaling and to examine the expression of Kir2.1 by reverse transcriptase-PCR and in situ antibody labeling. We used freshly dispersed myocytes obtained from individually isolated afferent and efferent arterioles to study barium-sensitive Kir currents. Our findings indicate that Kir2.1 is expressed in and contributes to the regulation of membrane potential in the myocytes of both the afferent and efferent arterioles; however, the impact of Kir modulation on Ca 2ϩ signaling, smooth muscle activation, and contractile tone differs in these two vessels. Figure 1 compares the effects of elevating [K ϩ ] o from 5 to 15 mmol/L on the responses of cortical afferent and efferent arterioles to AngII. K ϩ -induced vasodilation is a functional marker for the presence of Kir. 10 As shown, this manipulation elicited different responses. In the afferent arteriole, 0.1 nmol/L AngII reduced diameters from 15.1 Ϯ 0.3 to 6.6 Ϯ 0.9 m (n ϭ 7; P ϭ 0.0001) and elevating [K ϩ ] o reversed the vasoconstriction, increasing diameters to 13.1 Ϯ 0.6 m (P ϭ 0.0003 versus AngII alone). Returning [K ϩ ] o to 5 mmol/L restored diameters to 5.8 Ϯ 0.6 m. The efferent arteriole did not exhibit K ϩ -induced vasodilation. Thus, 0.1 nmol/L AngII reduced efferent arteriole diameter from 14.3 Ϯ 2.2 to 8.2 Ϯ 1.8 m (n ϭ 7; P ϭ 0.003; Figure 1B) , and 15 mmol/L KCl had no effect (8.1 Ϯ 1.5 m; P ϭ 0.86). Figure 2 illustrates the effects of 15 mmol/L K ϩ on AngIIinduced Ca 2ϩ signaling in cortical afferent and efferent arterioles isolated from normal rat kidneys. A higher concentration of AngII (10 nmol/L) was used in these in vitro studies to produce a robust Ca signal and facilitate analysis. As shown the fura-2 ratio from 1.17 Ϯ 0.03 to 1.42 Ϯ 0.03 (n ϭ 6; P ϭ 0.0002); however, increasing [K ϩ ] o from 5 to 15 mmol/L had no effect (1.40 Ϯ 0.03; P ϭ 0.65 versus AngII alone).
RESULTS
We previously showed that barium (10 to 100 mol/L) elicited membrane depolarization and vasoconstriction and prevented K ϩ -induced vasodilation in the afferent arteriole of the hydronephrotic kidney. 14 As illustrated in Figure 3 , barium had comparable effects on [Ca 2ϩ ] in afferent arterioles isolated from the normal kidney. The fura-2 ratio was 1.08 Ϯ 0.05 (n ϭ 5) in controls and 1.38 Ϯ 0.14 (P ϭ 0.08) after the addition of 30 mol/L barium and increased to 1.70 Ϯ 0.07 (P Ͻ 0.0001) upon the addition of 100 mol/L barium. Barium also prevented the effects of 15 mmol/L KCl on [Ca 2ϩ ] (fura-2 ratio 1.65 Ϯ 0.06; P ϭ 0.60 versus barium alone). In contrast to the afferent arteriole, barium had no effect on [Ca 2ϩ ] in the efferent arteriole (fura-2 ratio 1.21 Ϯ 0.05 versus 1.22 Ϯ 0.05; P ϭ 0.89; n ϭ 5; Figure 3 , right). These two vessels differ in the role of membrane depolarization and voltage-gated Ca 2ϩ channels in AngII-induced vasoconstriction and Ca 2ϩ signaling. 1,4 Thus, the lack of effect of 15 mmol/L KCl on contractile responses and of barium on Ca 2ϩ signaling in the efferent arteriole might reflect this unique characteristic, rather than a lack of expression of Kir.
To address this issue, we determined the effects of 15 mmol/L KCl on the membrane potential of in situ afferent and efferent arterioles. In these experiments, kidneys were first treated with 0.1 nmol/L AngII, the arterioles were impaled, and membrane potential and diameter were monitored during the application of 15 mmol/L KCl. AngII reduced afferent arteriolar diameters from 15.4 Ϯ 2.0 to 8.3 Ϯ 0.4 m (n ϭ 7). After AngII treatment, afferent arteriolar membrane potentials averaged Ϫ27 Ϯ 2 mV (n ϭ 7). The application of 15 mmol/L KCl was associated with vasodilation to 12.2 Ϯ 0.7 m (P ϭ 0.003; Figure 4A , left) and hyperpolarization to Ϫ41 Ϯ 3 mV (P ϭ 0.001; Figure 4A , right). These data are presented in Figure 4B as individual diameter and membrane potentials in AngII before and after treatment with 15 mmol/L KCl. Note the relation between diameter and membrane potential (R ϭ Ϫ0.72, P ϭ 0.004).
The results of similar experiments on efferent arterioles are depicted in Figure 5 . AngII (0.1 nmol/L) reduced diameters from 12.4 Ϯ 1.1 to 6.7 Ϯ 0.6 m (n ϭ 10). Membrane potentials in the AngII-treated efferent arterioles were Ϫ30 Ϯ 1 mV. KCl (15 mmol/L) did not alter diameter (7.2 Ϯ 0.9 m; P ϭ 0.62; Figure 5A , left) but produced a significant hyperpolarization (Ϫ37 Ϯ 3 mV; P ϭ 0.003; Figure 5A , right). Individual efferent arteriolar diameter and membrane potential responses are presented in Figure 5B . Note that the membrane potential Figure 2A ). Barium has no effect on intracellular calcium in the efferent arteriole (far right). BASIC RESEARCH www.jasn.org responses were dissociated from changes in diameter (R ϭ Ϫ0.29, P ϭ 0.2). Thus, K ϩ elicited hyperpolarization in both vessels but altered vasoconstriction and Ca 2ϩ signaling in only the afferent arteriole.
Reverse transcriptase-PCR studies demonstrated message for Kir2.1 in both vessels ( Figure 6 ). Amplification with the primers for Kir2.1 yielded a single 329-bp product using cDNA from both vessels. Sequencing confirmed that this product corresponded to the 862 to 1190 region of the rat Kir2.1 mRNA. No product was seen in the absence of reverse transcriptase. To evaluate the expression of Kir2.1 protein, we used an antibody directed against Kir2.1. Figure 7 depicts afferent and efferent arterioles treated with anti-␣-smooth muscle actin (␣-SMA; Figure 7 , A and C) and anti-Kir2.1 ( Figure 7 , B and D). Note the anti-Kir2.1 labeling in both ␣-SMA-positive and -negative (arrows) cells, the latter possibly reflecting Kir2.1 in endothelial cells. Together, these data suggest that both the afferent and efferent arterioles express message for Kir2.1 and Kir2.1 protein.
Finally, we measured whole-cell currents in freshly dispersed myocytes from isolated afferent and efferent arterioles. Figure 8 illustrates the protocol and presents examples of current tracings. Figure 9 presents mean data obtained from 11 afferent and 11 efferent arteriolar myocytes. As shown, myocytes from both afferent (left) and efferent (right) arterioles exhibited Ba 2ϩ -sensitive inwardly rectifying currents in response to a voltage ramp (Ϫ120 to 60 mV; Figure 8 , middle). The bottom tracings in Figure 8 and summary of mean data in Figure 9C illustrate the difference currents, obtained by subtracting the current measured in 50 mol/L Ba 2ϩ from the control currents. The mean currents in Figure 9 are corrected for cell capacitance. As is often the case, the small outward component of the barium-sensitive current is not readily apparent from these data. The small size of the renal arteriolar myocytes and difficulties in obtaining stable patch recordings contribute to this difficulty. Afferent and efferent arteriolar myocytes had capacitances of 6.5 Ϯ 0.5 and 4.9 Ϯ 0.4 pF (P ϭ 0.021), respectively. The barium-sensitive currents clearly display the typical inwardly rectifying characteristics that identify this current as Kir. As shown in Figure 9C , the barium-sensitive current densities were significantly larger in the afferent myocytes (12.6 Ϯ 2.4 versus 6.1 Ϯ 1.5 pA/pF for afferent and efferent myocytes at Ϫ100 mV; P ϭ 0.022).
DISCUSSION
Using diverse and complimentary approaches, this study demonstrated that afferent and efferent arterioles of cortical nephrons express Kir2.1. A previous study, 14 using the hydronephrotic kidney preparation, suggested that Kir is a dominant current in the afferent arteriole. The present study extended these findings using direct approaches in afferent arterioles isolated from normal kidneys. The observation that Kir2.1 is also expressed in the cortical efferent arteriole and that elevated extracellular K ϩ alters membrane potential but not vascular reactivity in this vessel is a novel finding. It is intriguing that this vessel, which does not exhibit voltage-dependent Ca 2ϩ signaling and does not seem to be regulated by membrane potential, exhibits a Kir current. This finding may suggest a novel role of this channel in the renal microcirculation.
We previously reported that Kir is the dominant current setting membrane potential of the afferent arteriole under basal conditions. 14 The present study extended those observations, providing direct evidence that Kir2.1 is expressed in the myocytes of the afferent arteriole and that these cells exhibit a prominent barium-sensitive inwardly rectifying current. This study is the first to demonstrate this current in the contractile vascular myocytes of the afferent arteriole. Consistent with this observation, studies by Kurtz and Penner 17 and Leichtle et al. 18 reported similar currents in renin-producing juxtaglomerular (JG) cells. Friis et al., 19 however, did not find an inward rectifying current in JG cells. The reasons for these differing observations are unclear; however, JG cells may be recruited from the vascular myocytes, 20 which, as this study demonstrated, do express Kir. The presence of K ϩ -induced hyperpolarization and vasodilation are hallmarks of Kir current in intact vessels. 10 Accordingly, the observations of this response in in situ afferent arterioles and the corresponding effects of K ϩ on Ca 2ϩ signaling in isolated afferent arterioles provide independent confirmation of functioning Kir currents in intact vessels. Previous studies showed that gene deletion of Kir2.1 eliminates K ϩ -induced vasodilation, implicating this specific isoform in this characteristic response. 21 Our observation that Kir 2.1 is expressed in renal arterioles is thus consistent with this view. The underlying mechanism is thought to involve an interaction between external K ϩ ions and polyamine binding sites within the channel pore, such that an elevation in [K ϩ ] o at the outer vestibule of the pore shifts the position of the polyamine and reduces . In contrast to the afferent arteriole, the K ϩ -induced efferent arteriolar hyperpolarization was not associated with vasodilation or altered Ca 2ϩ signaling. The differing responses of these two arterioles to hyperpolarization may be explained by their differing activation mechanisms. Whereas AngII evokes depolarization 4 and activates L-type Ca 2ϩ channels in the afferent arteriole, 1 this agonist activates nifedipine-insensitive Ca 2ϩ entry in the efferent arteriole. 1 Indeed, efferent arterioles of cortical nephrons do not express L-type Ca 2ϩ channels, 7 and the contractile response of these vessels to AngII is dissociated from membrane depolarization. 4 Accordingly, we suggest that the divergent responses of these two vessels to K ϩ -induced hyperpolarization simply reflect their differing dependence on voltage-dependent Ca 2ϩ entry. Similarly, the lack of effect of barium on Ca 2ϩ signaling in the efferent arteriole (Figure 3 , right) may reflect the lack of depolarization-induced Ca 2ϩ entry. We previously demonstrated that 30 mol/L barium depolarizes the afferent arteriole. 14 Although the membrane potential response of the efferent arteriole to barium was not measured in this study, it is known that depolarization induced by an elevation in extracellular [K ϩ ] (30 to 80 mmol/L) does not stimulate Ca 2ϩ entry or vasoconstriction in this vessel. 1, 5, 6 Our finding that Kir is expressed in afferent and efferent arterioles is consistent with the suggestion that this channel is preferentially expressed in resistance vessels. The finding that the postglomerular efferent arterioles express Kir also agrees with a recent report by Cao et al. 16 that Kir currents are observed in the contractile pericytes of the postglomerular descending vasa recta. In contrast, Prior et al. 15 demonstrated a lack of Kir in the renal arcuate artery, a conduit vessel. Others have shown Kir expression to exhibit regional heterogeneity within vascular beds and suggested that expression is inversely related to vessel diameter or order.
Thus, Quayle et al. 12 found Kir channel density was greater in myocytes from smaller versus larger coronary arteries, and Edwards et al. 13 found that K ϩ -induced hyperpolarization was greater in smaller versus larger segments of rat cerebral vessels. This study, in concert with the observations of Prior et al. 15 and Cao et al., 16 suggest a similar distribution within the renal vascular bed.
The preferential expression of Kir channels in resistance vessels suggests an importance in the regulation of blood flow and BP; however, the physiologic roles of Kir in the renal microcirculation are not understood. In the cerebral and skeletal muscle vascular beds, elevated interstitial [K ϩ ] is an important signal associated with increased activity and is thought to trigger increased blood flow in part via Kir. 24 It is not known whether such a mechanism is important in the kidney. It has been suggested that endothelium-derived K ϩ is a hyperpolarizing factor (EDHF) and that K ϩ efflux through endothelial charybdotoxin-and apamin-sensitive K ϩ channels elevates [K ϩ ] o to evoke hyperpolarization, in part, by Kir. 25 Responses attributed to EDHF are commonly observed in resistance vessels, but not all vessels exhibiting such responses express Kir channels. 26 Moreover, we found that the charybdotoxin-and apamin-sensitive EDHF response of the afferent arteriole is insensitive to barium, ruling out a contribution of Kir. 27 A recent study 28 suggested that Kir may be involved in pressureinduced depolarization and myogenic signaling, in that hypotonic cell swelling reduced Kir currents, implicating regulation by mechanosensitive mechanisms. Our previous attempts to ascertain the involvement of Kir in afferent arteriolar myogenic signaling were compromised by the marked vasoconstrictor response to barium, 14 and a possible role of Kir in this response remains an intriguing possibility.
When considering the role of K ϩ channels in the vasculature, one generally focuses on their potential involvement in the membrane-dependent regulation of tone. This is reasonable when considering the role of Kir currents in the afferent arteriole; however, what could be the function of Kir in the efferent arteriole, a vessel that is not modulated by membrane potential? An interesting possibility relates to recent suggestions that Kir plays an essential role in transmitting electrical signals along the microvasculature, an important characteristic of small vessels expressing Kir channels. The transmission of such signals is blocked by barium, suggesting an essential role of Kir channels. 29 -32 Whether Kir plays a physiologic role in the efferent arteriole or is simply a vestigial current in this vessel is not known; however, one might speculate that its presence in this vessel could facilitate the transmission of electrical signals to the upstream preglomerular afferent arteriole, where electrical signals might modulate preglomerular tone and GFR.
Although the physiologic role of Kir in the renal microcirculation is not resolved, this study demonstrates that this current is expressed in the myocytes of both afferent and efferent arterioles. Modulation of the outward Kir current alters tone and Ca 2ϩ signaling in the afferent arterioles but not in the efferent arteriole, a vessel that lacks electromechanical cou-pling. The finding that Kir is expressed in the afferent arteriole and that its modulation alters vessel reactivity is consistent with a traditional view that, by affecting membrane potential, Kir plays an important role in the regulation of vasomotor tone and blood flow in the resistance circulation. Our finding that this current is also prominent in the myocytes of the efferent arteriole, a vessel whose tone is not modulated by membrane potential, may suggest a role in the microcirculation that extends beyond this traditional view.
CONCISE METHODS
All animal protocols were approved by the University of Calgary Animal Care Committee in accordance with the Canadian Council on Animal Care. The in vitro perfused hydronephrotic rat kidney was used to assess contractile and membrane potential responses. Unilateral hydronephrosis was induced in male Sprague-Dawley rats by ligation of the left ureter. After 6 to 8 wk, the rats were anesthetized, the renal artery was cannulated in vivo, and the kidney was excised with continuous perfusion. Kidneys were perfused in vitro with modified DMEM (Life Technologies, Gaithersburg, MD) containing (in mmol/L) 1.6 Ca 2ϩ , 26 bicarbonate, 5 glucose, 1 pyruvate, and 5 HEPES. Ibuprofen (10 mol/L) was added to eliminate the effects of renal prostanoids. 33 Perfusion pressure within the renal artery was held at 80 mmHg. Vessel diameters were measured by on-line image processing, and membrane potentials were measured using a dualpipette system as described previously. 4, 14, 34 Elevated KCl solutions were prepared by isotonic substitution for NaCl.
Afferent and efferent arterioles were isolated from the renal cortex (excluding the juxtamedullary region) of normal rat kidneys using the gel perfusion technique previously described. 1 For Ca 2ϩ signaling, fura-2-loaded vessels were superfused (2 ml/min) in a custom chamber held at 37°C and equilibrated with 5% CO 2 . The 340/380 emission fluorescence ratio was used as a qualitative index of cellular Ca 2ϩ signaling as described previously. 1 The expression of Kir2.1 was examined using a nested PCR approach. Total RNA was extracted (RNEasy micro kit; Qiagen, Mississauga, Ontario), and an outer reaction (20 cycles) was performed using primers corresponding to nucleotides 758 to 777 (gttcgatagcggaatcgac) and 1214 to 1234 (cctggttgtggagatctatgc). The nested reaction (35 cycles) was performed using primers corresponding to nucleotides 862 to 883 (gacaatgcagacttgaaatcg) and 1168 to 1190 (ctctctggaactccgttctcac) to yield a 329-bp amplicon. The products were sequenced at the University Sequencing Facility (www.sequencing.ucalgary.ca). For determination of the presence of immunoreactive Kir2.1 protein, vessels were fixed (1% formalin) and treated with 2% Triton X-100. Primary antibodies against ␣-SMA (mouse monoclonal, A2547; Sigma, St. Louis, MO) and Kir2.1 (rabbit polyclonal, AB5374; Chemicon, Temecula, CA) and secondary antibodies (Cy3-anti-rabbit [Jackson Laboratories, Bar Harbor, ME] and Alexa 488 -anti-mouse [Molecular Probes, Eugene, OR]) were used. For ruling out nonspecific interactions, vessels were treated with Kir2.1 antibody pre-equilibrated with the peptide antigen.
Patch-clamp studies were performed on myocytes isolated from single afferent and efferent arterioles, obtained as described previously. Only cells exhibiting the characteristic spindle-shape morphology for the afferent arteriole and elongated smooth muscle morphology with characteristic bifurcated ends for the efferent arteriole (see Loutzenhiser and Loutzenhiser 1 ) were studied. Borosilicate glass pipettes were pulled to a 2-to 3-m tip diameter, fire polished to a resistance of 4 to 6 M⍀, and coated with Sylgard polymer. Pipettes were filled with an internal solution containing (in mmol/L) 120 Kgluconate, 20 KCl, 1.5 ATP-Mg, 0.1 GTP, 10 HEPES, 5 EGTA, 2 MgCl 2 , and 0.1 CaCl 2 (pH 7.2). The external solution contained 105 mmol/L NaCl, 20 mmol/L KCl, 2 mmol/L MgSO 4 , 1.5 mmol/L CaCl 2, 0.2 mol/L nifedipine, 5 mol/L glibenclamide, and 10 mmol/L HEPES (pH 7.4). A 4-s voltage ramp protocol (0.045 mV/ms, Ϫ120 to 60 mV) was applied in the whole-cell configuration using pClamp (v8) and an Axoclamp 200B amplifier (Axon Instruments, Union City, CA). Data were acquired at 10 KHz with low-pass filter at 5 KHz. Voltages were not corrected for the liquid junction potential (15 mV, calculated using pClamp).
Data are expressed as means Ϯ SEM. Differences between means for single comparisons were evaluated by paired or unpaired t test. P Ͻ 0.05 was considered significant. For multiple measurements, ANOVA followed by Bonferroni t test were applied to assess significance.
